Coexistence of various low-lying rotational bands in N = Z nucleus 42 Ca and α-38 Ar correlations in the deformed states have been investigated using the deformed-basis antisymmetrized molecular dynamics. Wave functions of low-lying states are obtained by the parity and angular momentum projections and the generator coordinate method (GCM). The GCM basis are obtained by energy variations with constraints on quadrupole deformation parameter β and intercluster distance between α and 38 Ar clusters. The rotational band built on the J π = 0 + 2 (1.84 MeV) state is reproduced, and coexistence of two more K π = 0 + rotational bands is predicted. Members of the ground state band and the rotational band built on the J π = 0 + 3 (3.30 MeV) state contain α-38 Ar cluster structure components. Variety of combinations of particle-hole configurations for protons and neutrons develops rich structures in 42 Ca.
§1. Introduction
Drastic structure changes by low-excitation energies are important phenomena. Most ground states form spherical or slightly deformed shapes in nuclei, but recent experiments show largely deformed states exist in low-lying states. Recently, various excited rotational bands have been observed in A = 40 region. 1)-7) Clustering is also a drastic structure change.
Excited states in 42 Ca has been studied via γ-spectroscopy experiments. 5), 6) A rotational band built on the J π = 0 + 2 state has been observed up to the (12 + ) state. 6) Particle-hole configurations of low-lying states have been studied via an α transfer experiment. α transfer reactions populate the J π = 0 + 1 and 0 + 3 states strongly, and the J π = 0 + 2 state weakly. It is concluded that the J π = 0 + 2 and 0 + 3 states have 6p4h and 4p2h configurations, respectively, relative to the sd-shell double closed structure. Theoretically, an α + 38 Ar orthogonal condition model shows that the rotational band built on the J π = 0 + 2 state has an α-38 Ar cluster structure. And its dominant components have 4p2h configurations, which is inconsistent with experimental results.
Aims of the present study are to clarify structures of low-lying positive-parity states in N = Z nucleus 42 Ca focusing on coexistence of rotational bands. Effects of different proton and neutron numbers for the coexistence are discussed. α-38 Ar cluster correlations in low-lying deformed states are also discussed. §2. Framework
To obtain the wave functions in low-lying states, the parity and angular momentum projection (AMP) and the generator coordinate method (GCM) with deformedbasis AMD wave functions are performed. A deformed-basis AMD wave function |Φ is a Slater determinant of Gaussian wave packets that can deform triaxially, such that
whereÂ is the antisymmetrization operator and |ϕ i are single-particle wave functions. The variables |φ i , |χ i , and |τ i are a spatial part, a spin part, and an isospin part, respectively, of every single-particle wave function |ϕ i . The real 3 × 3 matrix K indicates the width of the Gaussian single-particle wave function that can deform triaxially, which is common to all nucleons. The Z i = (Z ix , Z iy , Z iz ) are complex parameters that indicate a centroid of an each single-particle wave function. The complex parameters χ ↑ i and χ ↓ i represent spin directions. Time reversal or axial symmetries is not assumed. Basis wave functions of the GCM are obtained by the energy variation with two types of constraints, the quadrupole deformation parameter β of a total system and the intercluster distance, which is defined by positions of centroids of wave packets, between α and 38 Ar clusters after the projection to positive parity states. In the energy variation with quadrupole deformation parameter β, harmonic oscillator quanta for protons and neutrons relative to the lowest-allowed state are also constrained. Variational parameters are the K, Z i , and χ ↑,↓ i (i = 1, · · · , A). The isospin part of each single-particle wave function is fixed as a proton or a neutron. The Gogny D1S force is used as an effective interaction. Details of the framework are provided in Refs. 8)-10). §3. Results Figure 1 shows β-energy curves obtained by energy variations with a β constraint. 2p, 4p2h, 6p4h, and 8p6h configurations are obtained from small to large β. Details of particle-hole configurations are (2p) ν , (2p2h) π (2p) ν , (2p2h) π (4p2h) ν , and (4p4h) π (4p2h) ν configurations for total 2p, 4p2h, 6p4h, and 8p6h states, respectively. After angular momentum projection, well deformed states gain much binding energies, and J π = 0 + energies of the 4p2h, 6p4h, and 8p6h states become similar. Figure 2 shows energies of α-38 Ar cluster structures as functions of interclusterdistances obtained by intercluster distance constrained energy variations. Energies of two configurations, A and B, are adopted as GCM basis. Differences of these configurations are in positions of holes in the sd-shell for proton part of 38 Ar, which represent rotation of the 38 Ar cluster partially. 38 Ar clusters in A and B types have two proton holes in parallel and vertical directions to an α cluster, respectively. Figure 3 shows level scheme of 42 Ca obtained by the GCM. Three K π = 0 + bands coexist in low-lying states, labeled ND1, ND2, and SD bands. Dominant components of the ND1, ND2, and SD states have 6p4h, 4p2h and 8p6h configurations, respectively. Their particle-hole configurations shows that the ND1 band corresponds to the rotational band built on the J π = 0 + 2 state identified experimentally. And the J π = 0 + state in the ND2 band corresponds to the experimental J π = 0 + 3 state. The ND2 and SD bands have never been observed experimentally. The ground state band and the ND2 band contain the A-and B-type α-38 Ar cluster structure components, respectively. It is predicted that three K π = 0 + rotational bands coexist in low-lying states of 42 Ca that has (2p2h) π (4p2h) ν , (2p2h) π (2p) ν , and (4p4h) π (4p2h) ν configurations (Figs 1 and 3) , which has richer structures than an N = Z isotope 40 Ca that has two low-lying K π = 0 + rotational bands. Difference of proton and neutron numbers (Z = 20, N = 22) of 42 Ca develops rich structures in low-lying states. In the case of low-lying positive parity states in N = Z nucleus, protons and neutrons favor same configurations due to the isospin symmetry. In fact, both of protons and neutrons have 2p2h and 4p4h configurations in ND and SD states, respectively, in N = Z nucleus 40 Ca. Whereas, particle-hole configurations of protons and neutrons in N = Z nuclei have several options for combinations of particle-hole configurations even in low-lying states. Neutron parts of ND1 and ND2 states in 42 Ca have 4p2h and 2p configurations, respectively, although proton parts of both states have 2p2h configurations. Proton and neutron parts favor different deformations originally, but strong proton-neutron interactions stabilize intermediate deformations to enlarge
